2 2 Estimating abundance is one of the most fundamental and important aspects of population 2 3 biology, with major implications on how the status of a population is perceived and thus on 2 4 conservation and management efforts. Although typically based on one of two methods 2 5 (distance sampling or mark-recapture), there are many individual identification methods 2 6 that can be used for mark-recapture purposes. In recent years, the use of genetic data for 2 7 individual identification and abundance estimation through mark-recapture analyses have 2 8 increased, and in some situations such genetic identifications are more efficient than their 2 9 field-based counterparts for population monitoring. One issue with mark-recapture 3 0 analyses, regardless of which method of individual identification is used, is that the study 3 1 area must provide adequate opportunities for "capturing" all individuals within a 3 2 population. However, many populations are unevenly and widely distributed, making it 3 3 unfeasible to adequately sample all necessary areas. Here we develop an analytical 3 4 technique that accounts for unsampled locations, and provides a means to infer "missing" 3 5 individuals from unsampled locations, and therefore obtain more accurate abundance 3 6 estimates when it is not possible to sample all sites. This method is validated using 3 7 simulations and is used to estimate abundance of the Eastern Canada-West Greenland 3 8 (EC-WG) bowhead whale population. Based on these analyses, the estimated size of this 3 9 population is 11,747 individuals, with a 95% highest density interval of 8,169-20,043.
1 7 0 number of allowed mismatches. The appropriate number of allowed mismatches is then 1 7 1 identified as the point when each genotype associates with only one cluster. We used Bayesian methods to estimate abundance from the genetic mark-recapture data, based 1 7 5 on the general approaches described in Williams et al. (2002) and Kéry and Schaub (2012) . We 1 7 6 tried two general strategies, each with their own strengths and weaknesses. First, the main goal 1 7 7 of this study was to develop a method to use data from sampled locations to explicitly infer the 1 7 8 number of individuals that also exist in unsampled locations, and combine these to obtain an 1 7 9 estimate for overall abundance. We call this the "location-specific" approach, which was 1 8 0 modelled after that used in Durban et al. (2005) . The strength of this approach is that it provides 1 8 1 an explicit and quantitative means to infer the number of individuals using unsampled locations.
8 2
The main weakness is that it requires dividing the data by locations, with the consequence that 1 8 3 many locations may not have enough samples to be included in the analyses, and thus some 1 8 4 information may be lost. The second and most simple approach involved ignoring the location 1 8 5 information and treating the data as one large capture-mark-recapture study (hereafter called the 1 8 6 "location-independent" approach). The main benefit of this approach is that it allows all samples 1 8 7
to be used, regardless of whether recaptures were found within each location. The main 1 8 8 weakness of this approach is that it does not explicitly account for the fact that not all locations 1 8 9 have been sampled, and therefore makes the assumption that the sampled locations represent 1 9 0 adequate sampling opportunities for all individuals. In this case, the location-specific analyses 1 9 1 serve as the focus of our work, whereas the location-independent analyses serve as references 1 9 2 against which the location-specific estimates can be compared. Both of these methods are 2 6 Reeves 1993; Heide-Jørgensen et al. 2010) . Additionally, once in an area, whales are likely to 2 2 7 remain there for some period of residency (e.g., Finley 1990) . Thus, we thought that within-year 2 2 8 recaptures within locations would be artificially high and would not be representative of general 2 2 9 capture probabilities for the entire population throughout the study period. Our location-specific approach for estimating abundance was modeled after that used by Durban 2 3 3 et al. (2005) . The general idea is that location-specific abundance estimates can be used in 2 3 4 association with estimated movement rates between locations to identify (or infer) the number of 2 3 5 individuals with different sighting histories such as those shown in Table 1 . When some areas 2 3 6 are unsampled, the goal is to estimate the number of individuals in the last row (who were not 2 3 7 captured in any area). This abundance estimate can then be used in association with estimates of 2 3 8 movement rates to obtain an estimate of total abundance even when some areas remain 2 3 9 unsampled. The entire process is summarized in Fig. 3 , with details described below. There may 2 4 0 be more than one unsampled location (i.e., it need not represent a single actual location, but 2 4 1 rather could be a number of unsampled locations); however, these will be lumped into a single 2 4 2 estimate of "missing" individuals (across all unsampled locations) using this approach. This is 2 4 3 because the criterion for being counted as "missing" is that individuals are not present in any of 2 4 4 the sampled locations, and therefore the number of unsampled locations need not be defined.
4 5
The first step in this process was to estimate the movement rates between all pairs of sampled 2 4 6 locations. This is based on the number of recaptures within each considered location, and the 2 4 7 number of those recaptures that represent individuals originally marked in the alternative 2 4 8 location. We made the assumption that pairwise movement rates were symmetrical, largely 2 4 9 because the number of cross-location recaptures was very low (see Results), and therefore there 2 5 0 were few data available from which to estimate movement rates. However, it is possible to relax 2 5 1 this assumption in the future, which would just require the additional estimation of direction-2 5 2 specific movement rates for each pair of locations. The number of recaptures within and between 2 5 3 each pair of locations was converted into a string of zeros and ones, where ones represented 2 5 4 recaptures across locations. The posterior probabilities for the movement rates were then 2 5 5 estimated using a hierarchical Bayesian approach with a Bernoulli likelihood function and a beta 2 5 6 prior with a uniform (flat) distribution (the code itself, as well as a step-by-step walk-through of 2 5 7 all analyses are available in the Supplementary Material). The result is a complete posterior 2 5 8 probability distribution for movement rates between all pairs of sampled locations, as well as an 2 5 9 overall posterior probability distribution for movement rates across all sites.
6 0
For the second step of the process, the probability distribution for the symmetrical 2 6 1 movement rate to and from the unsampled location(s) was estimated as the overall posterior 2 6 2 distribution from the hierarchical model described above across all pairs of locations. This 2 6 3 approach makes the implicit assumption that the rate at which individuals move among the 2 6 4 sampled locations is at least somewhat representative of the rate at which individuals move 2 6 5 between sampled and unsampled locations.
6 6
For the third step, abundance was estimated for each sampled location. The genetic 2 6 7 recapture data from ALLELEMATCH were first converted to typical sighting histories consisting of 2 6 8 ones and zeros for each sampling period where individuals were, or were not, captured, 2 6 9 respectively. However, these sighting histories are biased due to individuals moving to and from 2 7 0 the unsampled location(s). Individuals marked in the sampled location could move to an 2 7 1 unsampled location, and therefore not be available for recapture, artificially reducing the number 2 7 2 of recaptures. In the opposite direction, unmarked individuals from the unsampled location(s) 2 7 3 could move into the sampled location, which would also artificially reduce the proportion of 2 7 4
recaptures. Both of these processes reduce the proportion of individuals available for recapture, 2 7 5 and would therefore bias population size estimates upwards. To correct for this, for each sampled 2 7 6 location we estimated the number of individuals moving to and from the unsampled location(s) 2 7 7 and randomly add these to the sighting history data. For example, suppose at one location there 2 7 8 were 300 marked individuals and 68 recaptures. Suppose that the estimated movement rate to 2 7 9 and from the unsampled location(s) is 0.12. This means that we have "lost" 12% of marked 2 8 0 individuals to unsampled locations, and our number of unmarked individuals is also artificially 2 8 1 inflated by 12% due to movement of unmarked individuals from unsampled areas into this area.
8 2
This means that our proportion of recaptures is underestimated by two times the movement rate recaptures were randomly added to the sighting histories for this location.
8 7
Once the sighting histories were corrected, abundance was estimated for each sampled 2 8 8 location using the same closed population approach. Note that although the model assumed a 2 8 9 closed population, movement to and from other locations has already been taken into account, 2 9 0 and therefore "closed" in this sense just refers to births and deaths. Specifically, to estimate 2 9 1 abundance for each location the sighting histories were augmented by 10,000-15,000 (based on 2 9 2 trials) to ensure that considered probabilities covered a wide enough range to ensure adequate 2 9 3 sampling of the posterior distribution (Tanner and Wong 1987; Royle et al. 2007 ). This 2 9 4 augmenting strategy was introduced by Royle et al. (2007) to deal with the fact that Bayesian 2 9 5 estimation of N has an unbounded upper end, which can make the efficient exploration of 2 9 6 parameter space difficult for many Markov Chain Monte Carlo samplers. Instead, they proposed 2 9 7 augmenting data sets by adding a large number of "uncaptured individuals" (individuals with all 2 9 8 zeroes in their sighting history), to the observed sighting histories in a manner so that the for all analyses were assessed based on examination of effective sample sizes, trace plots, and 3 1 0
Rhat calculations. Specifically, for all analyses of all scenarios, all Rhat values were 1, all 3 1 1 effective sample sizes were greater than 4,000, and all traceplots showed that the chains quickly 3 1 2 converged onto one value (and the same value across all chains), and then mildly fluctuated 3 1 3 around that value for the vast majority of steps (except the very first few).
1 4
For step four, the posterior probabilities for abundance for each sampled location, and for 
The estimated number of "missing" individuals from the previous step cannot just be 3 3 0 added to the estimates for each independent location to obtain an overall abundance estimate.
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This is because the same individuals may use multiple locations, including a mixture of 3 3 2 unsampled and sampled locations (the estimate above is just an estimate of the individuals that 3 3 3 never use sampled locations, and will therefore often be an underestimate). Therefore, for the 3 3 4 fifth and final step, total abundance was estimated in a similar manner as that for the "missing" . 3 ). The sum of these values then represents the abundance estimate for 3 4 0 the total population. Note that one benefit of this approach is that the uncertainty in each estimate 3 4 1 is carried over into the uncertainty of the total abundance estimate. Put another way, rather than 3 4 2 estimating the total abundance based on the mean, mode, or some other summary metric of the 3 4 3 other parameters, this estimate is based on the entire probability distribution for each parameter.
4 4
In this way the uncertainty in each estimate of abundance and movement are incorporated into 3 4 5 the posterior probability distribution for the total abundance estimate. This is one of the attractive 3 4 6
properties of setting up the analyses in this way. We conducted the same analyses as above (for the location-specific full data set, LS-FD), except 3 5 0 this time with a data set containing only those sampling events in the 5-year period from 2008-3 5 1 2012. Again, the idea for this process was to reduce the potential biases in the longer-term data 3 5 2 set due to births and deaths occurring within the longer time frame, by analyzing data from a 3 5 3 much shorter time period (note that immigration and emigration are dealt with explicitly in the 3 5 4 model). To estimate abundance for the entire data set, the recapture data from ALLELEMATCH, combining 3 5 8 data across all locations, were first converted to typical sighting histories consisting of ones and 3 5 9 zeros for each sampling period (year) where individuals were, or were not, sampled, 3 6 0 respectively. These sighting histories were augmented by 30,000 to ensure that considered 3 6 1 probabilities covered a wide enough range to ensure adequate sampling of the posterior 3 6 2
distribution. An estimate of abundance was then obtained using the same approach as described 3 6 3
for the closed population model aspect of the location-specific data set, where estimates of the 3 6 4 sighting probability (p), inclusion probability (Ω), and abundance (N) were obtained. As with the location-specific 5-year data set, we conducted the same analyses as described above 3 6 8 for the location-independent full data set, but this time limiting the data to the years 2008-2013.
6 9
Again, the rationale was to reduce the potential biases in the longer-term data set changes in 3 7 0 population size during the longer sampling time. The first set of simulations focused on assessing the effects of varying sampling effort.
8 0
These simulations were based on four sampled locations and one unsampled location to resemble 3 8 1 the available bowhead whale data. For these, all population sizes (including that of the 3 8 2 unsampled location) were set to 1,000 individuals (resulting in a total population size of 5,000 3 8 3 individuals). All movement rates between locations were also set to 10%. These initial values 3 8 4 were selected to be fairly similar to the expected values for the bowhead whales, and therefore to 3 8 5 provide information regarding how this approach would perform with our actual data set.
8 6
Additionally, all simulations were run with one capture period and one recapture period, to 3 8 7 resemble the bowhead whale data, where no individual was recaptured more than once.
8 8
Abundance was then estimated based on sampling 5%, 10%, 15%, 20%, and 25% of individuals 3 8 9 from each sampled location, to assess how changing sampling effort influences the precision and 3 9 0 accuracy of abundance estimates.
9 1
A second set of five simulations were also run and analyzed to ensure that the model 3 9 2 performs well even when there are large differences in population sizes and sampling effort 3 9 3 between locations. As with the first set, these consisted of four sampled locations and one 3 9 4 unsampled location. However, this time the abundance at each location (including the unsampled 3 9 5 one) was randomly drawn from a list of 20 values ranging from 500 to 10,00, in increments of 3 9 6 500. The movement rates were all set to 10%, and 250 individuals were sampled at each 3 9 7
location. This means that the proportion of individuals sampled could range from 2.5% (for a 3 9 8 population size of 10,000 individuals) up to 50% (for a population size of 500 individuals).
9 9
A third set of two simulations were conducted, but in this case both the population sizes 4 0 0 and movement rates were randomly generated. These were conducted to assess how the model 
2 7
To gain insight into how the model performs when there is more than one unsampled 4 2 8 location, a fifth set of two simulations was conducted and analyzed to assess model performance 4 2 9 when there is more than one unsampled location. Specifically, these simulations extended the 4 3 0 strategy of randomly generating abundance at each of four sampled locations, as well as at two an overall probability of identity of 1.16x10 -9 , which corresponds to a 1 in 8.62x10 -8 chance that 4 4 4 the match identified was due to two random animals matching at all loci. Table S1 shows how 4 4 5 these samples were divided by year, location, and sex.
6
The ALLELEMATCH analysis suggested that the best fit for the data was to allow 3 4 4 7 mismatches. Based on this criterion, 992 unique genotypes were identified, along with 185 4 4 8 recaptures. However, 136 of these recaptures represented whales recaptured within the same area 4 4 9
and year in which they were marked, and were therefore removed from the analyses. This left 49 4 5 0 recaptures for subsequent analyses. The results for the simulations testing the effects of sampling effort are shown in Fig. 4 . The 4 5 6 precision of the estimates (or the range between to upper and lower 95% HDI values) declines 4 5 7 rapidly until sampling reaches ~15%. Above this sampling effort, precision increases at a much 4 5 8 slower rate. Thus, ~15% seems to be a turning point above which diminishing returns are 
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Similarly, the simulations testing model performance when both the abundance and the 4 6 7 movement rates varied across all locations showed that the model performs well under these 4 6 8 scenarios and recovers accurate estimates of total abundance when there is one (Fig. S1) , or 4 6 9 multiple (Fig. S2) unsampled locations.
7 0
However, performance declined when the abundance within the unsampled location(s) 4 7 1 and/or the movement rates to and from the unsampled location(s) fell well outside the range of 4 7 2 values among the sampled locations (Fig. 7, Fig. S3 ). This makes intuitive sense because in 4 7 3 these cases the information gleaned from the sampled locations (and therefore used to infer 4 7 4 information about the unsampled location(s)), is not representative, and therefore leads to 4 7 5 inaccurate estimates. For example, when the movement rates to and from the unsampled location 4 7 6
were very low (0.05), but those among the sampled locations were high (0.20), the abundance in 4 7 7 all locations were biased downwards (Fig. 7a) . Abundance estimates for the sampled locations 4 7 8 were biased downwards because the recapture rates were over-corrected. Specifically, the model 4 7 9 assumed a higher movement rate to/from the unsampled location, resulting in an overcorrection 4 8 0 of recapture rates for individuals presumed to move to/from the unsampled locations, and 4 8 1 therefore resulting in lower abundance estimates. Abundance was underestimated for the 4 8 2 unsampled location for the same reason: a higher rate of movement was assumed, resulting in 4 8 3 higher estimates of individuals that would be "captured" in the sampled locations, and a lower 4 8 4 estimate of those going "missing". Similarly, when this scenario was reversed and the movement 4 8 5 rates to/from the unsampled location were high (0.20), and those among the sampled locations 4 8 6 were low (0.05), abundance was overestimated in most locations, and particularly for the total 4 8 7 population size (Fig. 7b) . The rationale is the same as the first scenario, but now recaptures 4 8 8 within the sampled locations were under corrected, resulting in overestimates, as well as an 4 8 9
underestimation of the probability that individuals would move into sampled areas and be 4 9 0 "captured", resulting in higher estimates of total population size. Similarly, abundance estimates 4 9 1 were biased if the actual abundance in the unsampled location(s) were vastly outside of the range 4 9 2 of those within the sampled locations ( Fig. 7c-d, Fig. S3 ). Again, this is expected because the 4 9 3 sampled locations are not providing appropriate information on which inferences about the 4 9 4 unsampled locations can be made. The location-specific abundance estimates for each location, inferred for the unsampled 4 9 8 location(s), and for the total population, are shown in Table 4 (rows 1-6). The mode was used as 4 9 9 the point estimate instead of the mean in all cases because the posterior probability distributions 5 0 0 for all abundance estimates were skewed, with heavy right-hand tails, and therefore the mode 5 0 1 represented the estimate with a higher probability than the mean. Note that the estimates for each 5 0 2 location are inclusive, meaning that they represent all whales that use each area (and may also be 5 0 3 counted for other areas), rather than representing whales that only use each area. The location-5 0 4 independent abundance estimates based are also shown in sampling more intensively will result in diminishing returns. The approach still performs well 5 1 3 when fewer than 15% of individuals are sampled at each location, but there is decreasing 5 1 4 precision around the estimates as sample size decreases (Fig. 5) .
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The approach also performs well even when there is wide variation in abundance 5 1 6 between sampling locations. Although the simulations used in our tests were not exhaustive, they 5 1 7 do show that accurate abundance estimates can be obtained for the total population when only a 5 1 8 subset of locations are sampled, and when there is wide variation in abundance across locations 5 1 9 ( Fig. 6) . Combined, the analysis of simulated scenarios suggests that this new approach may 5 2 0 indeed be a viable option for estimating abundance from genetic mark-recapture data when not 5 2 1 all locations are sampled.
2 2
Performance of our approach declined, however, when the data from the sampled 5 2 3 locations were not representative of those for the unsampled locations. Specifically, if the 5 2 4 abundance in the unsampled locations and/or the movement rates to and from the unsampled 5 2 5 locations are well outside the range of those among the sampled locations, then our model was 5 2 6
unable to obtain accurate estimates. This is due to the fact that the information obtained from the 5 2 7 sampled locations is not representative of that in the unsampled locations, which leads to 5 2 8 incorrect inferences. Therefore, using this approach carries the implicit assumption that the 5 2 9 abundance of, and movement rates to and from, unsampled locations are at least somewhat 5 3 0 within the range of those among the sampled locations. Although this seems like a major 5 3 1 drawback, it suggests that our method may be a useful approach for studies when abundance 5 3 2 estimates are desired, but it has not yet been possible to sample from all areas. Using our 5 3 3 approach will produce more accurate abundance estimates than ignoring unsampled sites 5 3 4 altogether, but they will obviously not be as accurate as those possible if effort could be 5 3 5 distributed across all sites.
3 6
For analyses of the bowhead whale data specifically, the number of recaptures was very 5 3 7 low, despite the substantial effort in sample collection across a wide range of areas. This fact 5 3 8 alone suggests that the population size is quite large, and demonstrates the inherent difficulties in 5 3 9 estimating abundance for EC-WG bowhead whales. Given their movement dynamics and 5 4 0 heterogeneity, it seems that any estimate of population size is going to have its shortcomings, 5 4 1 and have to be taken with a fairly large degree of caution. However, here we have tried to be 5 4 2 comprehensive in our analyses to try to make the most of the data that are available.
4 3
For the location-specific estimates for sampled locations, our results are comparable to transect and genetic mark-recapture abundance estimates for West Greenland. The estimates 5 5 0 from these methods were 744 whales (95% CI: 357-1,461) and 1,538 whales (827-2,249), 5 5 1 respectively. However, the aerial surveys were conducted in a single year, and therefore the 5 5 2 resulting estimates do not include whales that may use the area, but did not do so in the year of HDIs. A. Abundance for each location (4 sampled and 1 unsampled) are 5,000 individuals, for a 7 2 7 total of 25,000. The movement rates among sampled locations was high (0.2), and those between 7 2 8 the sampled and unsampled locations was low (0.05). B. The reverse situation from A: 7 2 9 abundance at each location as 5,000 (for a total to 25,000), but movement rates among sampled 7 3 0 locations was low (0.05) and those between sampled and unsampled locations was high (0.20).
7 3 1 C. All movement rates were equal at 0.15, but abundance was 5,000 individuals for all sampled 7 3 2 locations and 500 for the unsampled location, for a total abundance of 20,500 individuals. D. The of first capture is indicated by row, whereas location of recapture is indicated by column (i.e,.
7 5 4 there where two whale first "captured" in Greenland that were later recaptured in Pangnirtung). 7 5 5
